In order to investigate the effect of zinc, iron and manganese fertilization on Zn, Fe and Mn concentrations in the stem and leaves and on the chlorophyll content in soybean leaves at different reproductive growth stages, two experiments were conducted in a research field of the Islamic Azad University of Kermanshah, Iran, during the 2010 and 2011 growing seasons. The experimental design consisted of a factorial experiment based on the randomized complete block method with three replicates. The treatments included three levels of Zn (0, 20 and 40 kg ha -1 ), Fe (0, 25 and 50 kg ha -1 ), and Mn (0, 20 and 40 kg ha -1 ), which were all applied to the soil. At 30, 60, 90 and 120 days after sowing (DAS), the SPAD readings were done on five leaves from each experimental plot for all replicates. The results indicated that the zinc application had significantly affected Zn, Fe and Mn concentrations in soybean stems at all sampling times except for the soybean stem Mn concentration at the maturity stage. In contrast, the concentration of Mn at seed filling was unaffected by iron fertilization. Also, the maximum Fe concentration in soybean stems resulting from zinc application was achieved in Zn 20 treatment. The highest Zn and Mn concentrations in leaves were recorded when iron was applied in smaller amounts. Furthermore, zinc, iron and manganese applications had significant effects on the leaf chlorophyll concentration during all of the growth stages of soybean plants. In addition, increased iron and manganese fertilization raised the soybean leaf chlorophyll concentrations in all the samples. The maximum chlorophyll concentration in soybean leaves at 60 DAS was recorded in Zn 20 Fe 50 , Zn 20 Mn 40 and Fe 50 Mn 40 treatments (34.7, 34.0 and 35.2, respectively).
INTRODUCTION
Availability of micronutrients is one of the most important factors in their absorption by plant roots and transfer to shoots. According to AllowAy (2004) , there are significant relationships between the availability of micronutrients in soil and photosynthesis as well as assimilation in plants. Furthermore, some previous studies have shown that deficiency of iron and manganese in a human organism causes anaemia, skin diseases and, in children, a weaker response to environmental factors (SAn 2006) . The uptake of micronutrients from the soil and their transfer to the edible parts of plants plays a vital role in human health (TSui et al. 2006) .
The problem of micronutrient deficiency in human populations, with the underlying high social costs, cannot be solved by using enriched food or drugs (Hu-lin et al. 2007 ). Contrarily, the production of crops with a high content of micro-and macronutrients in edible parts can be a successful solution (welcH, GrAHAm 2004) , particularly because plant crops make up a large part of our diets (Hu-lin et al. 2007 ). Many researchers have emphasized the fact that application of micronutrients can result in their higher concentrations in plant tissues (cui, wAnG 2005 , SHArmA, AGrAwAl 2006 , HAnScH, mendel 2009 ). Concentrations of micronutrients are different in individual parts of the plant, but their highest content is frequently reported to be in the roots (BonneT et al. 2000 , KHudSAr et al. 2008 or shoots (SHArmA, AGrAwAl 2006) . Also, the content of micronutrients in plants fluctuates at different time and/ or different of plant growth stages (GupTA et al. 2008) . Micronutrient deficiency limits plant growth (GHolAmAlizAdeH et al. 1995 , FAGeriA 2000 and chlorophyll concentration (HeiTHolT et al. 2003 , wierSmA 2005 . In addition, the leaf chlorophyll content in soybean has been found to decrease in response to Zn, Mn and Fe deficits (AdAmS et al. 2000) .
The biosynthetic pathway of chlorophyll depends on zinc, iron and manganese; similarly, electron transport reactions are influenced by these metals (Spiller et al. 1982 , puSHniK, miller 1984 . Chlorophyll content can be determined with a SPAD (Soil and Plant Analyzer Development) meter, which is a nondestructive tool for measuring chlorophyll. yAmAmATo et al. (2002) reported that using an SPAD 502 chlorophyll meter for the estimation of chlorophyll content in leaves was more useful than the extraction method. The usefulness of an SPAD 502 chlorophyll meter as a nondestructive analytical instrument for determination of chloroplast pigments was mentioned in some earlier studies (pArvizi et al. 2004 , neveS et al. 2005 , Bonneville, FyleS 2006 , GirmA et al. 2006 . Application of zinc and manganese fertilizers leads to higher chlorophyll values read with an SPAD 502 meter (HeiTHolT et al. 2002) . Hence, an SPAD 502 chlorophyll meter was chosen as a diagnostic tool in the current experiment to determine the chlorophyll content in leaves at different growth stages of soybean plants.
In brief, the main objective of this study has been to monitor zinc, iron and manganese concentrations in the leaves and stems of soybean plants 397 at different reproductive growth stages, after zinc, iron and manganese fertilization. Additionally, the relationships between leaf chlorophyll levels in soybean and the use of zinc, iron and manganese fertilizers were assessed.
MATERIAL AND METHODS
Two field experiments were carried out on a research field of the Islamic Azad University of Kermanshah Province, Iran (34023' N, 4708' E; 1351 m elevation) in 2010 and 2011. The experimental design was a 3×3×3 factorial experiment based on the randomized complete block method with three replicates. Every year, cv. Williams soybean [Glycine max (maturity group III), supplied by the oilseed company of the Kermanshah Agricultural Administration, Iran], was selected as the experimental material. Soil samples were collected from an experimental area at 0-30 cm depth for soil analyses. The texture of the soil corresponded to silty clay.
The soil had the following properties: pH 7.6, total organic matter 2.3%, electrical conductivity (ECe) 0.61 ds m mixed with soil, which was then ploughed once and harrowed twice. Before planting, seeds were presoaked in 10% sugar solution and then inoculated with BradyRhizobium japonicum (2 g kg -1 of seeds). The experiment included 27 treatments placed on 81 plots. The plots consisted of six rows, 5 m in length sand spaced at 60 cm. The distance between plants in a row was 5 cm and the plant density was 333,000 plants/ha. The plant density was achieved by overplanting and thinning at V3 stage. The amounts of fertilizers to be applied, i.e. zinc (0, 20 and 40 kg ha -1 from ZnSO 4 source), iron (0, 25 and 50 kg ha -1 from FeSO 4 source) and manganese (0, 20 and 40 kg ha -1 from MnSO 4 source), were calculated based on the surface area of each plot; next, appropriate doses of fertilizers were mixed with soft soil at a ratio of 1: 5 and placed in furrows made manually next to the stacks. The plots were irrigated when necessary to avoid water deficits. At intervals of 30, 60, 90 and 120 days after sowing, the SPAD readings (Minolta SPAD-502 chlorophyll meter with wide display range: -9.9 to 199.9 SPAD units) were performed on five leaves (from the uppermost leaf of the youngest fully developed trifoliate leaf) from each experimental plot for all replicates. Five plants were randomly selected from each plot at consecutive reproductive growth stages of soybean (flowering stage, pod setting stage, seed filling period stage, and maturity stage), distinguished by FeHr, cAvineSS (1977) . To measure leaf 398 concentrations of micronutrients, the topmost trifoliate leaves of the plants were cut off the stem. Samples (leaves and stems, separately) were washed with distilled water, dried in an oven at 70°C for 48 hours, weighed, and incinerated at 550°C. Dry ash samples were solved in concentrated HNO 3 and HClO 4 . The Zn, Fe and Mn content was determined by Atomic Absorption Spectrometry (AAS) according to KAcAr (1984) .
All the data obtained from the measurements were evaluated statistically with MSTATC software. Combined variance analysis was performed after the Bartlet test for checking uniformity of data variance (P = 0.05). LSD (Least Significant Difference Test) was used to compare the means. Excel software was used to plot diagrams.
RESULTS AND DISCUSSION
Combined analysis of variance performed to test the impact of zinc, iron and manganese fertilization on their concentrations in soybean stems at different reproductive growth stages yielded the results, shown in Table 1 , which indicated that -except for the Mn concentration in the stem at the maturity stage -zinc application significantly affected the Zn, Fe and Mn concentrations in soybean stems at all the sampling times.
At the flowering stage, the effect of zinc fertilization was significant at 1% with respect to Zn concentration and at 5% regarding Fe and Mn concentrations. Moreover, the Zn and Fe concentrations in soybean stems at the pod setting, seed filling and maturity stages and the Mn concentration at the seed filling stage were affected by zinc application at the level of significance equal to 1%. Iron fertilization had a significant effect on the Zn and Fe concentrations in soybean stems at all sampling times (P < 0.01) and on the Mn concentration at the maturity stage at 5%. The concentration of Mn at seed filling was unaffected by iron fertilization.
Except for the Zn concentration at flowering, manganese application had significantly affected the Zn, Fe and Mn concentrations in soybean stems at all the reproductive growth stages. AllowAy (2004) reported that manganese nutrition could enhance the transfer of zinc to other plant organs. Zn, Fe and Mn concentrations at the seed filling period stage, Fe concentration at the flowering, pod setting and maturity stages and Mn concentration at the pod setting stage were significantly affected by interaction effects of zinc with iron (Zn×Fe). Furthermore, the interaction of zinc with manganese (Zn×Mn) had a significant effect on Zn and Fe concentrations in the soybean stem at pod setting and at seed filling, whereas its influence on the other evaluated traits was not statistically significant. On the other hand, the interaction of iron with manganese (Fe×Mn) affected the Fe concentration at the flowering, pod setting and seed filling stages but had no significant effect on concentrations of the other micronutrients.
The results of combined analysis of variance applied to test the impact of Table 1 Combined analysis of variance for the impact of zinc, iron and manganese fertilization on their concentrations in soybean stem at different reproductive growth stages of soybean : non-significant, significant at 5% and 1% levels of probability, respectively 400 zinc, iron and manganese fertilization on concentrations of these elements in soybean leaves at different reproductive growth stages are contained in Table 2 . Zinc fertilization had significant effects on Zn, Fe and Mn concentrations in soybean leaves at pod setting and seed filling as well as Zn and Fe at the flowering and maturity stages. The Mn concentration in leaves at the flowering and maturity stages was unaffected by the zinc application. On the other hand, iron applied to soil had significant effects on the Zn, Fe and Mn concentrations in soybean leaves at all the growth stages. Except for the Zn concentration at the pod setting stage and the Mn concentration at the maturity stage, manganese application had a significant effect on the Zn, Fe and Mn concentrations in soybean leaves ( Table 2 ). The Zn and Fe concentrations in soybean leaves at flowering and maturity as well as Zn, Fe and Mn concentrations at pod setting and seed filling were affected by interaction effects of zinc with iron (Zn×Fe). In addition, the interaction of zinc with manganese (Zn×Mn) had a significant effect on the Zn concentration in leaves at flowering and pod setting, and on the Mn concentration at pod setting and seed filling. The interaction of iron with manganese (Fe×Mn) significantly affected the Fe concentration in leaves at flowering and pod setting (P < 0.05), and Mn at pod setting and seed filling (P < 0.01).
The impact of different zinc, iron and manganese levels applied to soil on their concentrations in soybean stems at reproductive growth stages of soybean is shown in Table 3 . The highest Zn concentration at flowering, pod setting, seed filling period and maturity was observed in Zn 40 treatment (14.1, 12.2, 4.9, and 4.5 mg kg -1 dry weight of soybean stem, respectively). Also, at all the sampling times, the maximum Fe concentration in the soybean stem resulting from zinc application was achieved in Zn 20 treatment. Zinc application up to 20 kg ha -1 had no significant effect on the Mn concentration at flowering and pod setting, while an excess amount of zinc decreased the Mn concentration in the soybean stem at those times. Application of iron increased the stem Fe concentration by 175.9, 157.2, 53.9, and 45.8 mg kg -1 dry weights from the flowering to maturity stages, respectively. HodGSon et al. (1992) found that iron use increased the Fe concentration in soybean leaves by 42% compared to the control treatment. In our experiment, there were antagonistic effects between iron versus zinc and manganese, so that the Zn and Mn concentrations were the highest in treatments with smaller amounts of iron (Fe 0 treatment). GHASemi-FASAei et al. (2003) demonstrated that an application of iron decreased the mean Mn concentration by 91%. These results are in agreement with data from other experiments (mAndAl et al. 2000 , AlAm et al. 2001 , izAGuirre-mAyorAl, SinclAir 2009 .
With manganese applied to soil in a range from 0 to 40 kg ha -1
, the Mn concentration in the soybean stem increased at all of the sampling times. GupTA et al. (2008) believed that the response of soybean to manganese fertilization was positive. At different reproductive growth stages, the maximum Zn concentration in soybean stems was achieved in Mn 20 treatment (Table 3) . Similar results were observed in soybean leaves. This is consistent with the findings ns, * and **: non-significant, significant at 5% and 1% levels of probability, respectively (Table 4 ). The effects of zinc application on Mn concentrations were diverse in different reproductive growth stages. The highest Mn concentration in the flowering stage was observed in the Zn 40 treatment, while the maximum Mn concentration at pod setting and seed filling was found in Zn 20 treatment. Iron and manganese added to soil in doses up to 25 and 20 kg ha -1 increased the Zn concentration, but the leaf zinc concentration declined when higher amounts of iron and manganese had been incorporated into soil. A similar result was obtained by ronAGHi, GHASemi-FASAei (2008) .
The antagonistic effects between iron and zinc or manganese that were observed in soybean stems also occurred in leaves. cHen et al. (2004) reported that iron deficiency could reduce the zinc absorption and concentration in plants. The highest Zn and Mn concentrations in leaves were recorded when iron was applied in smaller amounts. romBolA et al. (2005) stated that iron deficiency in plants leads to increased concentrations of copper and zinc in plant tissues. Manganese fertilization increased the Mn concentration in leaves at the flowering to maturity stages. In addition, the maximum concentrations of Zn and Fe in leaves were observed in Mn 20 treatment. Indeed, manganese added to soil in a dose up to 20 kg ha -1 had favorable effects on zinc and iron transfer from the stem to leaves. The results of the variance analysis of leaf chlorophyll concentrations (SPAD value) in different growth stages (30, 60, 90 and 120 days after sowing) of soybean plants are shown in Table 5 . These data indicated that zinc, iron and manganese fertilizers had significant effects on the leaf chlorophyll content (SPAD value) in all the growth stages (30, 60, 90 and 120 days after sowing) of soybean plants at 1% level of significance (P < 0.01). In addition, the interaction of zinc and iron (Zn×Fe) influenced the leaf chlorophyll concentration at 30 and 60 days after sowing (P < 0.01), while producing no significant effect on the same trait at 90 and 120 DAS (Table 5) . Furthermore, the leaf chlorophyll concentration in soybean plants at 30 and 90 DAS was affected by zinc and manganese (Zn×Mn) and 30, 90 (P<0.01) and 120 (P < 0.05) DAS by iron and manganese (Fe×Mn) interactions. In contrast, the leaf chlorophyll concentration (SPAD values) at 60 and 120 DAS was not affected significantly by zinc and manganese (Zn×Mn) interaction. Also, triple interaction effects (Zn×Fe×Mn) had significant influence on leaf chlorophyll at 30 and 90 DAS at 1% significance level and at 120 DAS at 5% (Table 5 ). In an experiment of zAyed et al. (2011) , the simultaneous application of zinc, iron and manganese on rice had a stronger impact on leaf chlorophyll (SPAD value) than the separate use of these elements.
In this experiment, there was no significant difference in the leaf chlorophyll concentration at all the growth stages of soybean plants between 2010 and 2011. The readings of leaf chlorophyll concentrations achieved with an SPAD-502chlorophyll meter showed that the effect of iron and manganese on the above trait at all the growth stages of soybean plants was similar. With 404 Table 4 The impact of zinc, iron and manganese fertilization on their concentrations in soybean leaves at different reproductive growth stages
Treatment increased iron and manganese doses, soybean leaf chlorophyll concentrations increased in all the samples. However, with respect to zinc fertilization, it was observed that an application of 20 kg Zn ha -1 increased leaf chlorophyllconcentrationsat30and 60days after sowing (DAS), while the highest chlorophyll concentration in soybean leaves was observed at 90 and 120 DAS by 40 kg Zn kg -1 soil application (Figure 1 ). These results are in agreement with nAiemA (2008), oBAid, and Al-HAdeTHi (2013) .
In this study, the maximum content of chlorophyll in the leaves of soybean plants in all the treatments was observed 90 days after sowing. Ai-QinG et al. (2011) reported that leaf chlorophyll concentration in wheat cultivars increased 1.2 to 2.6 times more with Fe and 1.2 to 2.7 times more with Zn fertilizations compared to the control treatments (Fe 0 and/or Zn 0 ). A similar result on Oryza sativa was obtained by zAyed et al. (2011) . Interaction effects (Figure 2 ). These (Figures 4 and 5) . It is important to note that there was no difference in the chlorophyll concentration in soybean leaves when 0 and 40 kg zinc ha -1 was applied simultaneously with 40 kg of manga- 
CONCLUSION
In this experiment, the highest Zn and Mn concentrations in leaves were recorded when iron was applied in smaller amounts. Therefore, there were antagonistic effects (negative relationships) between these elements in soybean organs. During the R1 to R8 growth stages, [Zn] [Fe]stem and [Mn]leaf/[Mn]stem ratios were altered by about 2 to 7.5, 2 to 4 and 3 to 3.5 times. Thus, in soybean reaching maturity, the role of leaves as a reservoir for the accumulation of zinc and iron is becoming more important. Alternatively, the effect could be due to higher transfer of zinc and iron and/or poorer transport of manganese from the stem to leaves. Zn, Fe and Mn concentrations in stems and leaves increase owing to fertilization with micronutrients.
In this experiment, Zn, Fe and Mn concentrations are reduced in stems and leaves when soybean is ripening because the final destination of micronutrients is the grains. The effects of iron and manganese on the chlorophyll With respect to zinc fertilization, an application of 20 kg Zn ha -1 increased leaf chlorophyll concentrations at 30 and 60 days after sowing, while the highest chlorophyll concentration in soybean leaves was observed at 90 and 120 days after sowing following the 40 kg Zn kg -1 soil application.
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